Freezing lesions have been shown to cause a depression in glucose use, particularly in cortical areas of the brain ipsilateral to the lesion, and this effect was in terpreted to be caused by a depressed functional activity in these regions. The metabolic status of the affected ar eas has not been previously examined and could be a factor in the observed changes in local CMRglc. In frozen cut and dried sections taken from brains 3 days after freeze lesioning, discrete pieces of the median and lateral parietal cortex, striatum, hippocampus, and hypothala mus were dissected and analyzed for ATP, P-creatine, glucose, and lactate. CMRglc measurements were also made in the same animals. The concentrations of the four metabolites were significantly increased in the lesioned hemisphere, with the most predominant effects observed in the cortical areas that exhibited the greatest depression
Focal freezing lesions to the brain produce a set of pathological sequelae whose spatial and temporal patterns have been studied in some detail. Freezing lesions trigger, for example, transient opening of the blood-brain barrier and cerebral edema (Katz man and Pappius, 1973; Cancilla et aI., 1979) , de crease in cortical glucose consumption (Pappius, 1981; Gaab et aI. , 1987; Contreras et aI. , 1988) , and derangements in both arachidonic acid and seroto nin metabolism (Fenske et aI. , 1976; in CMRglc. The enriched metabolite profile, particularly in the cortical areas, is consistent with the hypothesis that decreased glucose use in the traumatized brain is caused by diminished need rather than by decreased supply of energy. Because the lumped constant in the operational equation of the deoxyglucose method for determination of CMRglc is a function of brain glucose content and de creases gradually in hyperglycemia, the degree of meta bolic depression in cortical areas of lesioned hemisphere probablY have been somewhat overestimated in this and previous publications. However, provisionally recalcu lated local CMRglc in the lesioned hemisphere remain sig nificantly lower than in the contralateral hemisphere and in the normal brain. Key Words: Brain injury-Regional energy metabolism-Local cerebral glucose use. Wolfe, 1983; Pappius and Dadoun, 1987) . Most of the observed changes extend well beyond the le sion. Of particular interest is the decrease in local CMRglc as determined with the 2-deoxyglucose (DG) method of Sokoloff et al. (1977) . The decrease was detected as early as 4 h, but became maximal (50% of normal) at 3 days after the insult, at which time it extended throughout all the cortical areas of the lesioned hemisphere (Pappius, 1981) . In the contralateral cortex CMRglc was also significantly depressed, but to a much lesser degree. The maxi mal decrease in cortical CMRglc was manifested at the time when the edema was being resolved, the integrity of the blood-brain barrier had been re stored, and the lesion site had become infarcted. Furthermore, cerebral blood flow rates were not significantly different from control at either 1 or 3 days after the insult (Pappius, 1981) .
The widespread cortical metabolic depression is not a specific consequence of the freezing lesion. Disturbances of glucose metabolism extending be yond anatomical abnormalities as demonstrated by magnetic resonance and computed tomography and not accompanied by alterations of regional CBF have been reported in head-injured patients (Lang fitt et aI., 1986) . Furthermore, after photochemi cally induced lesions in the frontal cortex of the rat, both reduced local CMRglc and suppression of nor mal physiological activation in remote ipsilateral structures were clearly demonstrated (Ginsberg et aI., 1989) . Because metabolism and function are normally tightly coupled, the reduction in glucose use in le sioned brain suggested a depression in cortical ac tivity that could contribute to persisting functional deficits after brain trauma. However, a primarily metabolic disturbance or interference with sub strate supply could also result in diminished glucose use. Thus, it was of interest to obtain evidence by other techniques to support the hypothesis that the decreased glucose use in the traumatized brain is caused by diminished need rather than by de creased supply of energy (Pappius, 1981; Pappius et aI., 1988) .
In this report, the quantitative histochemical measurements of endogenous energy-related me tabolites (Lowry and Passonneau, 1972) in discrete regions of the cold-Iesioned brain were combined with the DG method to determine whether the en ergy state in tissues exhibiting depressed glucose use is maintained or whether there is a secondary perturbation of energy metabolism at 3 days after the cold lesion.
MATERIALS AND METHODS

General procedure
The cold lesion method has been described in detail in previous publications (Pappius, 1981; Pappius and Dadoun, 1987) . Briefly, Sprague-Dawley rats (250--350 g) were fasted for 12 h before surgery, were anesthetized with halothane:NzO:Oz (2:68:30), and a 5-mm craniec tomy was performed on the left parietal cortex. A stan dardized cold lesion was produced by placing a chilled (-50°C) 4-mm-diameter probe on the dura for 5 s. The wound was sutured, the anesthesia was discontinued, and the animals were allowed to awake. Sham-operated rats were treated in essentially the same way, except that the probe was not chilled.
The rats were fasted on the 3rd night after the insult and were briefly reanesthetized on the 3rd day with halo thane. The tail artery and jugular vein were cannulated with PE 50 polyethylene tubing and the wounds were infiltrated with 2% lidocaine. The rats were immobilized in a plastic restrainer and allowed to recover from the anesthesia. Blood gases were determined from arterial blood samples, and animals exhibiting persistent abnor mal blood gases were excluded from the study. After 2 h, J Cereb Blood Flow Metab, Vol. 11, No.5, 1991 a bolus was injected intravenously containing 50 f.LCi of [14CJ2-DG, sp act 50--56 mCi/mmol, (NEN, DuPont, Wilmington, DE, U.S.A.) in 250 f.Ll of saline. The rats were reanesthetized with halothane at 35 min after the injection of DG, and the trachea was intubated and con nected to a rodent respirator (Harvard Apparatus, Inc., South Natick, MA, U.S.A.). At this point, the anesthetic mixture contained 2% halothane, 68% NzO, and 30% Oz. The rats received tubocurarine (0.6 mg/rat) intrave nously, the scalp was removed, and a plastic funnel was placed on the exposed calvarium, as described by Ponten et al. (1973) . Halothane was discontinued, the blood gases were again monitored, and the brain was frozen in situ with liquid nitrogen at 60 min after DG administration. The entire body was plunged into liquid nitrogen 4 min after the onset of funnel freezing. The rats were stored at -70°C in a freezer before processing the brains for quan titative histochemistry and [14CJDG autoradiography.
The brains were removed at -20°C in a glove box (Re frigeration for Science, Island Park, NY, U.S.A.) and the brain was mounted on a tissue holder with O.C.T. com pound (Lab-Tek Products, Napersville, IL, U.S.A.). The brains were sectioned at a thickness of 20 f.Lm using a refrigerated microtome (Reicher-Jung 2800 Frigocut E Cryostat, Leica Inc., Deerfield, IL, U.S.A.) maintained at -20° and representative sections were mounted on slides for glucose use measurements and histological ex amination. Other sections were placed in a tissue capsule and lyophilized (10 mm of Hg vacuum) in Ace Glass Holders (Ace Glass Inc., Vineland, NJ, U.S.A.) for 18 h at -40OC. The entire lyophilization apparatus under vac uum was then brought to room temperature for I h. The tissue was stored at -40°C before dissection.
Determination of local CMR gIc
Local CMRglc was determined by a modification of the [14CJDG technique originally described by Sokoloff et al. (1977) . The modification was necessary because the DG method usually involves decapitation of awake animals and the concentrations of labile metabolites in decapi tated brain do not reflect their concentrations as they exist in vivo (Lust et aI., 1989) . This problem was par tially resolved by extending the period between the DG injection and the killing of the rat from 45 to 60 min and then by freezing the brain in situ. Timed arterial samples for the determination of plasma glucose (see below) and plasma [14CJDG content (Packard Tri-Carb 300, United Technologies, Downers Grove, IL, U.S.A.) commenced at the start of DG injection and continued for 60 min. The rats were unanesthetized for the first 35 min after the injection of DG, and were then anesthetized and prepared for funnel freezing at 60 min as described above.
Autoradiographs were made from dried sections (see above) and [14CJ autoradiographic microscales (Amer sham International, Amersham, England). Optical densi ties of the developed films were determined and local CMRglc was calculated using a microcomputer imaging device (MCID-Imaging Research Inc., Brock University, St. Catherines, Ontario, Canada). The regions selected for analysis were those in which effects of injury on CMRglc were previously repeatedly demonstrated (Pap pius, 1981; Pappius et aI., 1988; Inoue et aI., 1991) and that corresponded to the areas subjected to quantitative histochemistry (see below). They were parietal, sensori motor and frontal cortex, globus pallidus, caudate, and hypothalamus. 
Quantitative histochemistry
The procedures for processing of the tissue and mea suring the brain metabolites have been described in detail by Lowry and Passonneau (1972) . Briefly, tissue was dis sected from the medial and lateral parietal cortex, stria tum, hypothalamus, and hippocampus of both hemi spheres and then weighed on a quartz-fiber balance. These regions are readily visible in hyophilized sections using a stereozoom microscope with transillumination (Bausch & Lomb, Rochester, NY, U.S.A.). Discrete tis sue samples weighing approximately 1 /l-g were extracted for 20 min at 60°C in 20 /l-l of 0.02N HCl for the measure ment of glucose and in 20 /l-l of 0.02N NaOH for the measurement of P-creatine, ATP, and lactate. The ATP and P-creatine were assayed by a luciferin-luciferase technique (Lust et aI., 1984) . Glucose and lactate were determined microhistochemically in a three-step proce dure involving enzymatic production of reduced pyridine nucleotides from glucose in the presence of hexokinase and glucose-P-dehydrogenase and from lactate in the presence of lactate dehydrogenase (Lowry and Passon neau, 1972) .
The metabolite levels were expressed in terms of dry weight. It was not considered necessary to convert the data to wet weight basis for direct comparison with the metabolic rates because 3 days after a freezing lesion the water content of cortical areas, where greatest differ ences in metabolite profile were found, is not altered (Pappius and Gulati, 1963) and thus dilutional effects would not confound the interpretation of the results.
Statistics
Significant differences in brain metabolites were deter mined by analysis of variance, and individual compari sons were considered significant at p < 0.05 by Tukey's method (Kleinbaum and Kupper, 1979) . CMRglc side to-side differences, in each structure, were statistically analyzed using the Bonferroni procedure for simulta neous multiple comparisons.
RESULTS
Physiological state of the animals
It was shown previously (Pappius, 1981 ) that a cortical freezing lesion did not significantly affect any of the measured physiological variables. In the 15 experimental animals in the present series, the values obtained at the start of the DG studies were within the normal range for the laboratory (Crum rine and LaManna, 1991) (average ± SD) : mean arterial blood pressure, 127 ± 6 mm Hg; rectal tem perature, 37.2 ± 0.3°C; glucose, 6.66 ± 0.22 mmolll (120 ± 4 mg/dl); Pa0z, 84 ± 4 mm Hg; Paco2, 42.6 ± 1.7 mm Hg; pH, 7.42 ± 0.01; Ht, 49 ± 1%. At the end of the DG studies, because of the terminal pe riod of anesthesia and artificial respiration, P a02 rose to 156 ± 18 mm Hg, Paco2 fell to 38.5 ± 2.5 mm Hg, and pH to 7.40 ± 0.01. The final glucose level was 7.60 ± 0.22 mmolll (137 ± 4 mg/dl). Blood pres sure, temperature, and hematocrit remained un changed.
Local CMR glc
In three sham-operated animals in which CMR glc was measured, no side-to-side differences were found (data not presented).
The results obtained 3 days after a standardized freezing lesion are summarized in Table 1 . For tech nical reasons, in 2 of the 15 experimental animals CMRglc could not be quantitated and not all the re gions selected for analysis could be visualized in every experiment in sections designated for DG au toradiography. This accounts for different numbers of animals in data for different structures presented in Table 1 . The sham-operated rats were treated and the brains processed as described in Materials and Methods. Each value is expressed in nmol/mg dry weight and represents the mean of five to six determinations ± SO. No significant side-to-side differences were seen. 
_ CONTRALAT � IPSILAT
In the three cortical areas analyzed, CMRglc was significantly depressed in the lesioned hemisphere as compared with the nonlesioned side 3 days after the cold lesion. Even though the brains were frozen in situ at I h after DG administration, the rates of cortical glucose use and the magnitUde of the CMRglc decrease in the cortex were within the range of those found in other recent studies (Pap pius et al., 1988; Inoue et aI., 1991) .
The side-to-side difference in the caudate was considerably less than in the cortical areas, al though more pronounced than in other studies, for reasons that are not clear. The difference in the globus pallidus was not statistically significant. As previously found, freezing lesion had no effect on CMRglc in the hypothalamus. The concentrations of ATP in the five regions contralateral to the lesion were not significantly dif ferent from those in brains from sham-operated rats shown in Table 2 . The ATP levels in the medial and lateral cortex, striatum, and hypothalamus ipsilat eral to the lesion were significantly greater than those in the corresponding regions of the contralat eral hemisphere (Fig. 1) . The relative increase in the cortex (30 and 38%) was more pronounced than that in the striatum (16%) and hypothalamus (20%).
The high-energy phosphate reserve, P-creatine, exhibited a similar pattern to that observed for ATP (Fig. 2) . The values in the contralateral regions were not significantly different from those in sham operated animals given in Table 2 P-creatine in all the regions ipsilateral to the lesion were significantly higher than those in the contra lateral hemisphere. The effect in the cortex (> 35%) was greater than that in the other regions examined.
There was a significant rise in glucose in regions ipsilateral to the lesion (Fig. 3) , whereas in the con tralateral hemisphere the levels were the same as in sham-operated animals ( Table 3 ). The increase in glucose content in the cortex was more than 60%, whereas that for the other areas was in the range of 25% (Table 3 ). The levels of lactate in the cortex and striatum were also significantly greater than those in either sham-operated rats or in the corre sponding areas of the contralateral hemisphere (Ta ble 3 and Fig. 4 ) and represented an increase of more than 60%.
DISCUSSION
The major conclusion to be drawn from the high energy phosphates data presented is that the energy status of the traumatized brain has not been com promised in any of the regions studied, but partic ularly so in the cortical areas, where at 3 days after the cold lesion CMRglc was most depressed. Simi larly, the elevated cortical levels of glucose in the lesioned hemisphere rule out the possibility that glucose use in these areas is diminished because of lack of substrate. The glucose concentrations in the brain areas contralateral to the insult were essen tially the same as those in sham-operated animals. The blood-brain barrier is grossly unaltered in the lesioned hemisphere 3 days after a freezing lesion (Pappius, 1981) , so the accumulation of glucose there is unlikely to be related to its greater avail ability from the blood and is more probably caused by a decrease in its metabolism. This interpretation is consistent with the CMRglc data showing a de crease in glucose use at 3 days after the cold lesion.
The more than 60% increase, on the average, in cortical glucose content on the side of the lesion raises, however, the question of whether estimation of CMRglc using the lumped constant (LC) of 0.483 determined for normal animals (Sokoloff et at., 1977) gives a correct estimate of glucose use in the lesioned hemisphere. LC is a function of the brain glucose content and decreases, although very grad ually, in hyperglycemia (Gjedde and Diemer, 1983;  (Pappius, 1981 ; Pappius et aI., 1988; Inoue et aI., 1991 ) . Thus, although the degree of the decrease in glucose use in cortical areas of the lesioned hemisphere may have been somewhat overestimated in this and in previous publications, the general conclusion that injury to the brain re sults in depression of glucose use because of dimin ished energy need is supported by the results pre sented here. Further investigations will be required to establish the correct value of LC not only in the cortical areas of the lesioned hemisphere, but also in those structures in which glucose content was increased, but to a lesser degree. Elevated cortical lactate levels with normal A TP and CrP have been reported previously at 24 h after a freezing lesion, in the one study in which efforts were made to rapidly immobilize the tissue meta bolically (Frei et aI., 1973) . The authors invoked ischemia as the cause of the increased glycolysis, a conclusion not supported by the finding of normal or, in our case, increased high-energy phosphates. It may be that, when brain glucose content rises because of decreased energy need, lactate formed by aerobic glycolysis also accumulates. Alterna-J Cereb Blood Flow Metab, Vol. 11, No. 5, 1991 tively, the elevation of lactate may reflect an in creased need for glycolytic ATP. It has been shown in smooth muscle that the uptake of Ca2 + is coupled to glycolytic metabolism despite the presence of ox idative metabolism (Paul et aI., 1989) . A similar sit uation requiring glycolytic ATP has been specu lated for K + uptake in the hippocampal slice (Lip ton and Robacker, 1983) . In these cases, neither a concomitant increase in A TP from oxidative phos phorylation nor an increased oxidation of lactate would be expected, and lactate accumulation would occur. Although an increased production of glyco lytic ATP should trigger increased glucose use, this effect may be masked in the injured brain because of the large depression in CMRg\c. It is presently unknown what system would impose an additional work load on the glycolytic system in the lesioned brain, but one possibility is that the reuptake of serotonin, a system known to be activated in the traumatized brain (Pappius et aI., 1988) , could in crease the demand for glycolytic ATP either di rectly or by maintaining the sodium gradients needed to drive the reuptake process.
